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Interaction of Cx43 with NOV ______________________________________________________________________ and rat heart Cx43 cDNA fragment (45). As a control, the blots were rehybridized with a GAPDH-specific probe (46).
Immunofluorescence and microscopy
Indirect immunocytochemistry on cells and solid tumor sections was performed as described previously (47). The following primary antibodies were used: anti-Cx43 rabbit polyclonal antibody (1:300) (48), mouse monoclonal Cx43 antibody (1:100; Zymed), mouse monoclonal For double immunolabeling of connexin and NOV the same protocol was used as described above but both primary antibodies were added successively.
After immunolabeling of NOV the DNA-specific dye 4',6'-diamidino-2-phenylindole hydrochloride (DAPI) (0.1 µg/ml; 15 min, 37°C) was used to counterstain the nucleus of Jeg3 cells.
RT-PCR
2 µg of total RNA samples were digested with DNaseI (Invitrogen) according to the protocol to prevent contamination with DNA. For reverse transcription, first strand synthesis was carried out using Oligo(dT) [12] [13] [14] [15] [16] [17] [18] Primer (MWG Biotech) and M-MLV reverse transcriptase (Invitrogen). 4 µl of the RT-reaction were used for the following PCR experiments. For a semiquantitative measurement β-actin was used as an internal control. The PCR was performed using primers specific for NOV and β-actin as shown in Table I . PCR reaction was carried out in a 50 µl volume using BioTherm Taq polymerase (Genecraft, Germany). The PCR was performed for 40 cycles of one minute denaturation at 94°C, one minute annealing at 59°C and 1.5 minutes elongation at 72°C. The PCR amplification was followed by a 10 minute final extension at 72°C. All experiments were carried out up to four times in a thermocycler (Biometra, Germany). The PCR amplification products were electrophoresed on a 2% agarose gel stained with ethidium bromide. Densitometric analysis was performed using a Gel Imager (Intas, Germany). The expression of NOV was normalized to the expression of β-actin and quantified with Gelscan Professional V4.0 software. The gene expression data were analyzed for statistical significance by Student' t-test. A p value ≤ 0.05 was considered to be significant.
Oligonucleotide microarray analysis
Total RNA was isolated from confluent cell monolayers using a Qiagen RNeasy Mini Kit and the cell lysate was digested on the mini spin column with DNaseI according to the protocol.
cDNA synthesis and synthesis of biotinylated cRNA were performed as described previously (49) . Fragmentation of cRNA, hybridization to HG_U95Av2 microarrays (Affymetrix) with 6000 genes and 6000 ESTs, washing and staining as well as scanning of the arrays in a GeneArray scanner (Agilent, USA) were carried out as recommended in the Affymetrix Gene Expression Analysis Technical Manual. 3 cell clones per connexin construct were analysed on an individual gene array. Scaling across all probe sets of a given array to an average intensity of 1000 U was included to compensate for variations in the amount and quality of the cRNA samples and other experimental variables. Absolute and comparison analyses (single pairwise and cross pairwise comparisons) were performed using the Affymetrix Microarray Suite 5.0 software. In the absolute analysis the signal intensities and detection calls of the analysed genes were determined. In the comparison analysis the alteration of gene expression (signal log ratio resp. fold change) and the change call were identified. The "cut off" level in fold change values was defined as 1.5 and 2.5 (cross pairwise comparisons, experimental groups + versus + Dox) using the Affymetrix Data Mining Tool 3.0 Software (DMT 3.0). The fold change level of 1.5 represents a general accepted fold change difference for oligonucleotide microarray analysis (50) .
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In vitro and in vivo coimmunoprecipitation
Plasmid construction
pUHD/Cx43 and pCMV-NOVH (S) were used as a template for PCR to amplify Cx43 1-382, Cx43∆ 1-257, Cx43CT 257-382 and NOV . The 5'-primer contained an EcoRI site and ATG sequence and the 3'-primer contained a TAG sequence and a SalI site. For in vitro coimmunoprecipitation the PCR products were digested with EcoRI and SalI. Cx43 fragments were ligated into the EcoRI and XhoI sites within pcDNA3 (Invitrogen) to form the pcDNA Cx43 constructs. For in vivo coimmunoprecipitation the Cx43 amplified fragments were inserted into pFlag-CMV2 vector (Sigma) at EcoRI and SalI. For both experimental approaches the NOV fragment was ligated into the EcoRI and XhoI sites within pcDNA6 x His (Invitrogen) at EcoRI and XhoI to form the pHis-NOV construct.
All the constructs have been sequenced to confirm the proper reading frame and cDNA sequences for Cx43 and NOV.
In vitro coimmunoprecipitation
pcDNA Cx43 constructs were synthesized with the TNT reticulocyte lysate (Promega) in the presence of [ Tris (pH 8) , 120 mM NaCl, 0.5% NP-40) followed by five washes with NETN buffer (20 mM Tris (pH 8), 100 mM NaCl, 0.5% NP-40, 1 mM EDTA). The proteins bound to the Sepharose beads were separated on 12% SDS-PAGE and detected by autoradiography.
Immunoblotting was conducted with anti-His antibody to confirm the translation of His-tagged NOV.
In vivo coimmunoprecipitation
293T cells were transient transfected with the Flag-Cx43 expression vectors and pHis-NOV.
Whole cell lysate were collected in NETN buffer (see above). Immunoprecipitation were performed using M2 sepharose beads (Pharmacia) incubated with 800 µl 1 mg/ml whole cell lysate at 4°C for two hours. After the beads were thoroughly washed with NETN buffer, associated proteins were eluted with Flag peptide (Sigma) for 30 min on ice, and separated on 10% SDS gel. Proteins were transferred to PVDF membrane and blotted with anti-Flag and anti-His.
Dye-transfer assay
This assay is based on transfer of calcein from preloaded donor cells to recipient acceptor cells (51) . Twenty-four hours before the experiment the acceptor cells were seeded into 6-well plates (5 × Results are reported as the mean ± standard deviation. Levels of significance were determined at the p value of ≤ 0.05 using the Student's t-test.
In vitro proliferation assay
For analysis of cell proliferation the Jeg3 Tet transfectants and the NOV transfected Jeg3 cells were plated at a density of 5 x 10 3 cells per well in 12-well plates in triplicate and were counted at day 2, 5, 7 und 10 after plating using a CASY cell counter (Casy1, Schaerfe System). The results were analyzed for statistical significance by Student' t-test. A p value ≤ 0.05 was considered to be significant.
Tumorigenicity assay
Athymic male nude mice (Han:NMRI nu/nu) were s.c. inoculated with 2. Tumor volume was measured every 3 days using calipers in two perpendicular dimensions and was calculated assuming a spherical shape: tumor volume = 4/3 (π) abc (a, b, c = halfaxis). The tumors were harvested after 3 weeks. Statistical significance of the obtained data were analysed by Student' t-test. A p value ≤ 0.05 was considered to be significant.
Histology
Immediately after removal the tumor tissues were frozen in liquid nitrogen and 7 µm cryostat sections of the tumors were prepared for immunohistochemistry.
Online Supplemental Material
The online supplemental material comprises data lists of up-and downregulated genes in Jeg3 connexin transfectants analysed by gene arrays (Supplementary Data, Table 1 and 2).
Results
Generation and characterization of inducible Jeg3 Tet Cx transfectants
To investigate the influence of different connexins on cell growth properties of the malignant trophoblast cell line Jeg3 we generated cell lines in which exogeneous Cx40, Cx43 and truncated Cx43 without 125 amino acids (aa) of the C-terminal region (trCx43; C-terminus of Cx43: 155 aa) can be induced by doxycycline (Dox) treatment using the tet-on system (40) .
The To investigate the functionality of the transfected intercellular channels and to quantify the degree of cell coupling, flow cytometric analysis of calcein transfer between homologous cell pairs before and after treatment with Dox were performed. As shown in Table II , Tet/Cx43
and Tet/Cx40 transfectants revealed a significant upregulation (p≤0.05) of cell coupling after induction of the connexins. The percentage of cell coupling in the untreated cell clones derived from the small leak of the tet promoter in the absence of Dox (52) . This small leak of connexin expression in the uninduced cell clones could be verified using RT-PCR analysis demonstrating at least some connexin mRNA after 36 cycles (data not shown). The analysis of calcein transfer also confirmed the functionality of the C-terminal truncated Cx43 channel and showed that the truncated Cx43 channel is able to exchange the dye after treatment with Dox (Table II) . The functionality of this mutated Cx43 construct has already been demonstrated by calcein transfer in HeLa cell transfectants. 2 The trCx43 HeLa transfectants showed similar levels of calcein transfer as HeLa cells transfected with wildtype Cx43.
The increase in intercellular coupling could be correlated with the induction of connexin expression on transcript and protein level (compare Fig. 1 with Table II ).
Cx43, but not Cx40 or trCx43, reduces in vitro proliferation of Jeg3 cells
To determine whether the expression of different connexins alters the cell growth properties of Jeg3 Cx transfectants we analysed their in vitro cell proliferation ( (Fig. 3A) . We were also able to confirm the expression of the transfected connexin transcripts in the Cx40 and trCx43 tumors (data not shown). In contrast to the vector control (Fig. 3C ) the connexin tumors showed the typical punctate immunoreactivity of connexin proteins at the membrane (Fig. 3B, D, E)
The Cx43 cell clones revealed a significant reduction of tumor growth compared to the vector control (Fig. 3F ). Although variation in tumor growth among the vector control and the Cx tumors was high, Cx43 induction in the Cx43 clones resulted in a mean significant decrease in tumor volume of ~67% when compared to the vector control tumors.
In contrast the Cx40 (Fig. 3G) as well as the trCx43 cell clones ( 
NOV interacts with the C-terminus of Cx43
Immunocytochemical analysis of parental Jeg3 and uninduced Cx43 transfected Jeg3 cells showed a NOV expression predominantly in the nucleus, in the perinuclear region and partly in the cytoplasm (Fig. 5A, B) . The presence of NOV in the nucleus could be confirmed by counterstaining with DAPI (Fig. 5A) . Interestingly upon induction of Cx43 NOV was localized in a punctate staining at areas of cell-cell contact (Fig. 5C ). Double immunolabeling revealed mostly a colocalization of NOV and Cx43 in distinct punctate plaques at the cell membrane in Dox-induced Cx43 transfectants (Fig. 5E) . NOV was not only present at sites of Cx43 plaques but also localized at other membrane areas where Cx43 was not detected and vice versa. In uninduced Cx43 cell clones NOV staining remained in the nucleus and in the cytoplasm (Fig. 5D ).
Obviously in Cx40 (Fig. 5F left) and in trCx43 induced transfectants (Fig. 5F right) no change in NOV localization was observed. The transfectants revealed only nuclear and cytoplasmic NOV expression.
To analyse the correlation between Cx43 and NOV protein disappearance from the cell membrane we performed time courses between 0 h and 48 h after Dox removal. The immunocytochemistry revealed that up to 14 h after Dox removal a colocalization of NOV and Cx43 at various points along the lateral cell membranes between adjacent cells could still be observed (Fig. 6A) . After 24 h, however, Cx43 and NOV have disappeared from the membranes and only nuclear and cytoplasmic staining of NOV was found. These observations correlated to the results from RT-PCR analysis of Cx43 (Fig. 6B ) and NOV mRNA expression (Fig. 6C) . The NOV transcripts decreased simultaneously with the reduction of Cx43 expression during this time course. Whereas the Cx43 expression decreased rapidly to 0 after 48 hours the NOV expression declined to a basic level which corresponded to the nuclear and cytoplasmic staining and the loss of membrane staining (compare Fig. 6A and C) .
Because the colocalization of NOV and Cx43 failed if the Cx43 protein is truncated by the Cterminus, we assume that the C-terminus of Cx43 might be the potential interaction site.
Direct interaction of NOV with the C-terminus of Cx43 has been confirmed using an in vitro coimmunoprecipitation assay. A Cx43 construct with wild type Cx43 (Cx43 1-382 ) and two mutant constructs, C-terminal truncated Cx43 (Cx43∆ 1-257 , trCx43) and a construct with most of the C-terminus (Cx43CT 257-382 ) were generated (Fig. 7A ) and a His-tagged NOV construct was used. In the in vitro translation procedure the Cx43 constructs were labeled with (Fig. 8) .
NOV itself reduces cell proliferation in parental Jeg3 cells
To analyse if NOV acts as a growth regulator in Jeg3 cells independent from Cx43 we examined NOV overexpression in parental communication-deficient Jeg3 cells after transfection with full length NOV. Three NOV transfected Jeg3 cell clones were selected.
These clones expressed increased amounts of NOV mRNA in a range of 10-24fold compared to parental Jeg3 cells analysed by RT-PCR (Fig. 9A, B) . In contrast to the nuclear and cytoplasmic staining of NOV in Jeg3 cells before transfection with full length NOV (Fig.   5A ) the immunocytochemical analysis of NOV expression in these NOV transfectants revealed strong expression of NOV protein at the cell membrane (Fig. 9C) . Moreover we could find a high expression of NOV at the cell membrane in dividing cells (Fig. 9C) . The localization pattern of NOV at the cell membrane in Jeg3 cells after transfection with NOV was similar to the expression pattern in Cx43 transfectants after Dox induction (see Fig. 5C ).
In vitro proliferation assays of these Jeg3 NOV transfectants revealed a median 6fold significant reduction (p≤0.05) in cell proliferation compared to parental Jeg3 cells after 9 days of culture (Fig. 9D) . Whereas the parental Jeg3 cells demonstrated a strong proliferative activity from day 4 of culture onwards the NOV transfected Jeg3 clones first started to proliferate at day 7 but never reached the proliferative capacity of the parental Jeg3 cells. In conclusion, these findings showed that NOV itself exhibits an antiproliferative activity on Jeg3 cells.
Discussion
The Our results further revealed that only Cx43, but not Cx40 as well as trCx43, is able to reduce cell growth in vitro and tumor growth in vivo which points out that the carboxyterminus of Cx43 is essential to achieve growth reduction capacities in these tumor cells. In addition this finding verifies isoform specific functions of the connexins which could be correlated to the observation in the human placenta (35) (36) (37) (38) . Experiments with a similar C-terminal truncated Tables   Table I. Oligonucleotides used 
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